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Morphogenesis relies on the implementation and subsequent 
amplification of polarity cues, often imparted by nucleotide signals, 
at key times during the eukaryotic cell cycle. Analogous 
mechanisms are not known for the bacterial cell cycle. We 
uncovered a polarization mechanism in the bacterium Caulobacter 
crescentus that is triggered and amplified by cyclic-di-GMP signaling 
upon the G1!S transition to seed flagellum morphogenesis at the 
new pole via the TipF receptor protein. We show that c-di-GMP-
binding induces the polarization of TipF and the recruitment of 
downstream effectors, including flagellar switch proteins and the PflI 
positioning factor, into a complex with the TipN landmark protein 
that preselects the polar site. Importantly, c-di-GMP not only induces 
TipF polarization and activation, but also its stability, thereby 
enforcing the removal of this factor from the maturating old pole 
during the G1!S transition. This novel c-di-GMP-governed 
reinforcement mechanism ensures a robust amplification and swift 
















Cell polarity is fundamental to intracellular organization and 
morphogenesis in all forms of life, yet little is known on how polarity-
dependent cues are implemented, reinforced and removed during the 
bacterial cell cycle. The cell cycle regulator Cdc42, a member of the Rho-
family of GTPases, is critical for polarization in baker’s yeast Saccharomyces 
cerevisiae and many other eukaryotes. In response to cell cycle signals, 
Cdc42 polarizes and promotes the nucleation of actin cables that, in turn, 
enhance the polarization of Cdc42 in its active GTP-bound form 
(Cdc42•GTP). Polarized Cdc42•GTP recruits polarity effectors to the bud site 
and ultimately drives bud emergence. Underlying this polarization are 
“landmark” proteins that are positioned in the mother and inherited by 
newborn cells to dictate the future bud site(Slaughter, Smith, & Li, 2009). 
 
Here we describe a conceptionally analogous polarized nucleotide-
signaling pathway that triggers and reinforces morphogenesis during a 
bacterial cell cycle. We show that polar flagellation in the Gram-negative α-
proteobacterium Caulobacter crescentus (henceforth Caulobacter) is cued by 
the activation, polarization and stabilization of a bis-(3'-5')-cyclic dimeric 
guanosine monophosphate (c-di-GMP) receptor protein (TipF) upon the 
G1!S transition to seed flagellar assembly at the pre-determined polar site. 
We show that TipF recruits the PflI placement factor into a flagellar positioning 
complex containing the TipN landmark protein while also binding and 
recruiting the switch component of flagellar base to the newborn pole. 







polarization while synchronizing this specific morphogenetic process with 
other c-di-GMP induced developmental events that are triggered during the 
G1!S transition. 
A myriad of polarized macromolecular assemblages were recently 
uncovered in bacteria and time-lapse imaging indicates that mechanisms 
must exist that coordinate protein polarization with cell cycle progression to 
ensure their appropriate inheritance in the progeny. The bacterial flagellum is 
such a polar assemblage, and while, polar flagellation is not uncommon, the 
mechanisms of polarization during the cell cycle are largely mysterious. 
Arguably the preeminent model system for bacterial cell cycle studies, 
Caulobacter has long been known to assemble polar flagellum in a cell cycle-
controlled fashion. At the predivisional cell stage Caulobacter is overtly 
polarized, bearing a cylindrical extension of the cell envelope (the stalk) at the 
old pole and a newly assembled flagellum whose rotation is activated at 
cytokinesis at the opposite pole. Cytokinesis yields a motile swarmer cell that 
resides in a G1-like, non-replicative state and a dividing stalked cell that in S-
phase. Two master transcriptional regulators of the cell cycle, CtrA and GcrA, 
reinforce the transcriptional program at sequential stages of the cell cycle. 
CtrA is present in G1-phase, protoelytically removed during the G1!S 
transition and reappears later in S-phase. GcrA accumulates during the 
G1!S transition, inducing the synthesis of CtrA along with polarity and cell 
cycle proteins.   
The synthesis of early flagellar structural constituents, including the 
FliF MS-ring protein and two components of the switch complex (FliG and 







parts are assembled from the inside of the cell outward, first with an 
organizational platform in the inner membrane (the MS-ring) from to which the 
switch complex on the cytoplasmic side of the membrane is tethered. The 
assembly of subsequent structures follows suit, ultimately ending with the 
elaboration of the external parts such as the hook and the flagellar filament 
(see. Fig. 3F).   
Superimposed on these temporal patterns, are spatial cues that guide 
flagellar proteins to the appropriate site of assembly at the new cell pole 
opposite the stalk. The new cell pole is marked by TipN a polytopic coiled coil 
protein that is pre-positioned at this site when the new poles emerge from 
cytokinesis (Fig. 1)(Huitema, Pritchard, Matteson, Radhakrishnan, & Viollier, 
2006; Lam, Schofield, & Jacobs-Wagner, 2006). At cytokinesis, TipN is 
recruited to the division plane form the poles, a redistribution that ensures that 
cell polarity cues are available for the flagellar polarization in the next cell 
cycle. Indeed, flagella are mispositioned in the absence of tipN mutants, 
indicating that TipN is required for the proper placement, but not the 
assembly, of the flagellum(Huitema et al., 2006; Lam et al., 2006). A flagellar 
misplacement defect has also been observed in mutants lacking the PflI 
positioning factor, a bitopic membrane proteins with a proline-rich domain at 
the C-terminus facing the cytoplasm that is localized to the future flagellated 
pole before the synthesis of early flagellar components. While the spatial 
relationship between TipN and PflI remains unexplored, TipN recruits TipF, a 
polytopic membrane protein that positively, regulates for flagellum biogenesis 
(Huitema et al., 2006). In the absence of TipN, TipF localizes to sites of 







for the flagellar misplacement phenotype of a tipN mutant. This is supported 
by the observation that tipF deletion mutants lack external flagellar structures 
such as the hook and filament (Huitema et al., 2006).   
TipF features C-terminal EAL domain facing the cytoplasm which in 
other related proteins confers c-di-GMP specific phosphodiesterase 
activity(Christen, Christen, Folcher, Schauerte, & Jenal, 2005). C-di-GMP is a 
ubiquitous bacterial second messenger that promotes an adhesive, surface-
grown multi-cellular state called biofilm, while its absence favors the motile 
adventurous single cell state. C-di-GMP levels are regulated by the 
antagonistic enzymatic activities of diguanylate cyclases (DGC) and 
phosphodiesterases (PDE). DGCs harbor a catalytically active GGDEF 
domain that promotes the condensation of two GTP molecules into c-di-GMP. 
In contrast, EAL or HD-GYP domain catalyze the asymmetric hydrolysis of c-
di-GMP into linear pGpG(Christen et al., 2005; Schirmer & Jenal, 2009). In C. 
crescentus multiple DGCs and PDEs modulates c-di-GMP levels during the 
cell cycle to promote development and cell cycle progression(Abel et al., 
2011; R. Paul et al., 2008; R. Paul, Weiser, Amiot, & Chan, 2004). Whereas 
G1 swarmer cells contain low levels of c-di-GMP, levels quickly increase 
during G1!S transition(R. Paul et al., 2008). Then, at cell division c-di-GMP 
levels diminish in the flagellated G1 (swarmer) chamber, while being 
maintained in the stalked compartment (Christen et al., 2010).  
The observation that TipF localizes to the site of flagellar assembly at 
the new cell pole together with the finding that a tipF mutant fails to assemble 
a complete flagellar structure, argued that TipF may act as a 







assembly(Huitema et al., 2006). A role for TipF as PDE at the site of flagellum 
assembly would be in line with the general consensus that high levels of c-di-
GMP inhibit flagellar-based motility through different possible 
mechanisms(Boehm et al., 2010; Wolfe & Visick, 2008). Here we explore the 
spatiotemporal relationship of c-di-GMP and TipF in polar flagellum 





c-di-GMP binds to and activates TipF at the newborn pole  
To dissect the mechanism and function of TipF at the newborn pole, we 
first considered the several unusual sequence features in TipF compared to c-
di-GMP -specific phosphodiesterase (PDE) belonging to the same family. For 
example, TipF features a Lys at position 332 instead of an Asp in related 
proteins (Fig. 1D). Moreover, a Glu-Ser-Phe (ESF, residues 211-213) triplet 
replaces the defining Glu-Ala-Leu (EAL) motif normally found in related PDEs. 
To explore whether the sequence conservation reflects a functional 
requirement for the residues at these positions, we engineered alanine 
mutations at several conserved positions implicated in coordinating the 
cofactor (Mg2+ or Mn2+), the substrate or the nucleophile (E211A, D331A and 
K352A, filled triangles in Fig. 1D).  Neither of these mutant proteins could 
support TipF function (motility on 0.3% soft agar plates) when expressed in a 
∆tipF background from Pxyl on a low copy plasmid, indicating that all of these 







To test if TipF is an active PDE, we purified soluble, hexa-histidine tagged 
forms of TipF wild type and TipF(E211A) mutant. Both proteins were 
truncated variants lacking the first 110 amino acids, which include the two 
predicted trans-membrane domains.  Circular dichroism (CD) spectra 
suggested that the secondary structures of purified TipF wild type and E211A 
mutant were unchanged (Fig. S1A). We next assayed PDE activity of both 
proteins by HPLC analysis using c-di-GMP as substrate (Fig. 2A). No 
cleavage of c-di-GMP to the linear pGpG was observed with either TipF wild 
type or the E211A mutant (Fig. 2A, right panel), even after extended 
incubation times of up to 24 h (Fig. S1B, 1C). By contrast, control PDE YahA 
from E. coli converted all of the c-di-GMP to pGpG in less than 5 min (Fig. 2A 
left panel).  
In the absence of detectable PDE activity, we asked if TipF wild type or 
the E211A mutant can bind c-di-GMP using an iso-thermal calorimetry (ITC)-
based binding assay (Fig. 2B). Successive injections of 10 µL of a 118 µM 
solution of c-di-GMP into the ITC reaction chamber containing 32.5 µM of WT 
TipF was accompanied with the characteristic heat release indicating specific 
and high affinity binding of c-di-GMP (Fig. 2B, left panel). The resulting 
integrated titration peaks were fitted to a sigmoidal enthalpy curve and a 
dissociation constant (KD) of 0.4 (+/- 0.2 µM) between WT TipF and c-di-GMP 
was derived. By contrast, only background (non-specific) heat release was 
observed when an equimolar amount of TipF(E211A) was in the chamber 
(Fig. 2B, middle panel, note the different scales in the panels). Together, 
these results demonstrate that TipF is not a PDE and that while TipF wild type 







ligand. On the basis of these results we hypothesize that c-di-GMP binding is 
necessary for TipF to signal motility and that TipF(E211A) is non-functional 
because it fails to bind c-di-GMP and, in response, in be activated. In support 
of this view, we show below that depleting Caulobacter cells of c-di-GMP by 
overexpression of PA5295, a potent heterologous PDE from Pseudomonas 
aeruginosa, phenocopies the localization and flagellar assembly defect 
caused by the absence TipF or the “c-di-GMP-blind” E211A mutant (see Fig. 
5E, 5F).  
 If TipF is activated without hydrolysing c-di-GMP, then analogous 
mutations that are known to specifically cripple catalytic activity of PDEs 
(without interfering with c-di-GMP binding) should still retain function. To test 
this prediction, we engineered mutants Q197A, R215L and E396A (Fig. 1D, 
open triangles) and found the mutant proteins R215L and E396A to confer 
motility in ∆tipF cells indistinguishable from that of WT TipF, while Q197A 
could also supported motility albeit with reduced efficiency (data not shown).  
On the basis of these genetic and biochemical experiments, we conclude 
that TipF is a c-di-GMP binding protein and signals motility function(s) upon 
binding of the second messenger. 
 
TipF cues the polar assembly of the flagellar base.  
How TipF cues motility is not well understood. Transmission electron 
micrographs previously suggested that TipF signals the construction of the 
polar flagellum, or at least the external structures, since the flagellar hook and 
the filament (Fig. 3F) are absent form ∆tipF cells(Huitema et al., 2006). 







cells expressing a derivative of the FliG switch (C-ring) protein (Fig. 3F) 
harboring a carboxy (C-) terminal fusion to GFP (FliG-GFP) in addition to the 
endogenous FliG, showed that localization of FliG-GFP to the new pole 
depends on TipF (Fig. 3C, S2A). To demonstrate that TipF promotes the 
formation of the switch structure at the cell pole, we conducted live cell 
imaging of the FliM switch protein (Fig. 3A, 3F) harboring a C-terminal moiety 
to GFP (FliM-GFP) that was expressed from Pvan on a plasmid. By analogy to 
other flagellar systems, FliG is predicted to interact with FliM and to tether the 
switch to the MS-ring base plate in the inner membrane. Our finding that FliM-
GFP is diffuse in the cytoplasm of ∆fliG cells, but sequestered to the 
flagellated pole in WT cells, is consistent with this notion (Fig. 3A). Next, we 
imaged FliM-GFP in tipF+ and ∆tipF cells that carry the fliM::Tn5 mutation (to 
avoid interference from untagged, endogenous FliM) and observed diffuse 
fluorescence in ∆tipF cells, akin to that of ∆fliG cells. By contrast, in tipF+ cells 
FliM-GFP was properly localized at the newborn pole opposite the stalk.  
Thus, consistent with the dependence of polar localization of FliM on FliG, 
when FliG localization is compromised in ∆tipF cells, FliM is also unable to 
localize in the absence of TipF.  
Since two switch proteins (FliG and FliM) are no longer polarized in the 
absence of TipF, we investigated if this is also the case for the MS-ring 
protein FliF. The MS-ring is the earliest known flagellar structure to assemble 
and tethers the switch complex to the cytoplasmic membrane. Similar to the 
situation for FliG-GFP, only few polar foci were seen when FliF-GFP was 
expressed in ∆tipF cells, arguing that neither the MS-ring, nor the switch 







FliF-GFP and FliG-GFP show normal polar localization when expressed in 
∆fliF and ∆fliG cells, respectively (Fig. S2A and S2B). Together this argued 
that TipF promoted polar clustering of FliG independent of FliF. To bolster this 
finding using an independent imaging approach, we conducted high-resolution 
analysis of WT and ∆tipF poles by electron cryo-tomography (ECT) (Fig. 3E, 
S2C and S2D) in which intracellular structures that are preserved in their 
native (cryogenically vitrified) state are visualized in situ by virtue of their 
natural contrast (electron density). Whole-cell imaging of WT and ∆tipF cells 
followed by structural refinement using segmentation algorithms of 2D 
projections from 3D tomograms revealed densities of the MS-ring and switch 
at the cytoplasmic membrane of WT poles, but no such structures at ∆tipF 
poles. As expected, flagellar (sub)structures traversing the OM and S-layer 
reflecting regions of the rod, P- and L-rings and the hook emanated from the 
poles of WT cells. These structures were also absent from ∆tipF cells. 
However, chemoreceptor arrays that normally assemble at the same pole and 
at the same time as the flagellum, but via a flagellum-independent pathway, 
were seen in the ∆tipF mutant pole thus confirming that the site was imaged 
where a flagellum should have been (Fig. 3E, right panel).  
The important role of TipF in the formation of the MS-ring and switch was 
further corroborated using strains in which FliG is tethered to FliF by way of 
FliF-FliG translational fusion (i.e. within single polypeptide) encoded within the 
endogenous fliF locus. This fully functional FliG-FliF fusion protein(Jenal & 
Shapiro, 1996) could not direct FliM-GFP into polar clusters in the absence of 
TipF, indicating that TipF function is beyond merely facilitating the recruitment 







FliG (data not shown). In support of this conclusion, polar clusters of FliG, 
although dependent on TipF, still formed in ∆fliF cells (Fig. S2A). Moreover, 
below we show that TipF interacts directly with FliG in a yeast-two-hybrid 
assay. 
Taken together, these experiments support the conclusion that the 
formation of the polar MS- and C-rings is cued by TipF and that TipF possibly 
acts at the earliest known (nucleation) step in flagellum biogenesis, switch 
and MS-ring formation, respectively.  
 
The PflI flagellar positioning factor is recruited into a polar complex 
by TipF  
In addition to the structural components of the flagellum, a polarly 
localized ancillary protein, PflI, was recently identified that is required for 
proper positioning of the flagellum. PflI, a bitopic membrane protein with a 
proline-rich C-terminal domain facing the cytoplasm, is expressed and 
recruited to the future flagellum assembly site before most flagellar 
proteins(Obuchowski, 2008). How PflI is localized to the newborn pole is 
unclear, but it does not require the MS-ring protein FliF. We uncovered three 
lines of evidence that prompted us to explore whether PflI localization was 
dependent on TipF. First, we observed that TipF synthesis precedes that of 
FliF and other flagellar proteins whose expression is activated by the CtrA 
master transcriptional regulator (see Fig. 7F). Second, we noted that, similar 
to PflI, FliF is also dispensable for the polar sequestration of TipF (data not 
shown). Finally, we, found that mCherry tagged TipF (TipF-mCherry) 







localizes with PflI-GFP expressed from Pvan on a plasmid (Fig. 1C).  
Moreover, since ∆tipF cells (unlike ∆pflI cells) are aflagellate, we wondered if 
TipF recruits PflI to the pole. To test this possibility, we expressed PflI variants 
harboring a C-terminal fusion to YFP or GFP either from its own promoter at 
the native chromosomal locus or from a plasmid in ∆pflI cells and imaged in 
the wild type or ∆tipF context. While the expected polar foci of PflI-YFP (and 
PflI-GFP) were readily seen in tipF+ cells, only dispersed fluorescence from 
PflI-YFP or PflI-GFP was seen in the envelope of ∆tipF cells (Fig. 3B and 
S3A). Conversely, PflI does not noticeably affect TipF localization, as 
indicated by the apparent normal localization of TipF-GFP (expressed in lieu 
of endogenous TipF from the tipF locus) in ∆pflI compared to WT cells (Fig. 
S3B). 
 To identify which region of PflI is required for TipF-dependent 
localization, we imaged mutant PflI-GFP derivatives lacking either the trans-
membrane domain [PflI(∆4-28)], the coiled-coil region [PflI(∆28-92)] or one of 
two adjacent stretches in the proline-rich region [PflI(∆93-142) or PflI(∆142-
194)] expressed from Pvan on a plasmid in ∆pflI cells (Fig. S3C).  While the 
deletion of the coiled-coil domain had no dramatic affect of PflI localization, 
deletion of the trans-membrane domain or the proline-rich region strongly 
interfered with polar sequestration. PflI lacking the proline-rich region is 
distributed in the membrane, as is the case for full-length PflI-GFP expressed 
in the absence of TipF, suggesting that TipF recruits PflI to the newborn pole, 
directly or indirectly, via the proline-rich domain.   
Since TipF is recruited to this site by the TipN landmark protein (Fig. 







Indeed, PflI-YFP or PflI-GFP foci are mispositioned near or within the stalk in 
∆tipN cells, a pattern resembling the misplacement of TipF-GFP in the 
absence of TipN (Fig. 3B and S3A). The formation of these (mislocalized) PflI 
foci in ∆tipN cells is still TipF-dependent as indicated by the fact that upon 
introducing a ∆tipF mutation into ∆tipN cells, PflI-GFP adopts a disperse 
disposition in the envelope (Fig. S3A). Conversely the ∆pflI mutation does not 
seem to change the mislocalization of TipF-GFP in ∆tipN cells (Fig. S3B). 
Thus, flagellar assembly and recruitment events at the newborn pole proceed 
in the order: TipN > TipF > [(PflI)(FliF/G/M)]. 
To test if this localization dependency is reflected in physical interactions 
among the proteins, we conducted pull-down experiments from extracts 
derived of cells harboring an empty vector control or a plasmid expressing 
either a TipF or PflI derivative with a C-terminal TAP (Tandem Affinity 
Purification) tag from the Pvan promoter. Owing to the instability of TipF 
(described below), we conducted the pull-down experiments in mutant 
backgrounds (∆tipN and flbD::Tn5, when appropriate) in which TipF 
abundance is increased (Fig. 4A). This likely results from a post-
transcriptional mechanism as tipF transcription is unchanged in a tipN and 
flbD mutant (Fig. S4A). Immunoblotting of TipF-TAP and PflI-TAP pull-down 
samples with antibodies to PflI (Fig. 4B) or TipF (Fig. 4C) provided evidence 
that TipF and PflI interact (directly or indirectly), albeit the interaction seems 
relatively weak. By contrast, co-immunoprecipitation of PflI with TipF-GFP 
using monoclonal antibodies to GFP was more efficient (Fig. S4B). We 
conclude that PflI resides in a complex with TipF. To investigate if TipF and 







4D) and PflI-TAP (Fig. 4E) pull-down samples with polyclonal antibodies to 
TipN and detected TipN in these samples as well, but not in the control 
samples. Thus, TipF and PflI also interact with TipN. 
 Lastly, in an attempt to identify TipF client proteins in an unbiased 
fashion, we conducted a yeast-two-hybrid screen with soluble TipF (lacking 
trans-membrane segments, residues 1-90 aa) as bait to probe a genomic prey 
library of C. crescentus. The screen was conducted in a yeast strain that 
ectopically expressed the diguanylate cyclase YdeH from E. coli, thereby 
mimicking a c-di-GMP containing environment. When selecting for interaction 
of bait and pray by scoring for growth in the absence of adenine, we identified 
two positive clones encoding Gal4-AD fusions to two C-terminal fragments of 
FliG (FliGC), residues 192-340 and residues 236-340 (Fig. 4F).  
In sum, we conclude that TipF interacts directly with FliGC and recruits PflI 
into a flagellar positioning complex with TipN at the newborn pole.  
 
c-di-GMP signals TipF localization and activation  
Having established that polar localization of PflI and flagellar assembly 
are regulated by the c-di-GMP-receptor TipF, we investigated if c-di-GMP is 
required for TipF function. To this end, we first asked if TipF(E211A) that is 
unable to bind c-di-GMP and cannot support motility, can promote the polar 
localization of PflI. As shown in Fig. 6A, neither the E211A derivative, nor the 
D331A or K352A mutants were able to tag PflI to the cell pole. Furthermore, 
the E211A mutation phenocopied flagellar assembly defect of the ∆tipF 







If TipF signaling is triggered by binding of c-di-GMP, then cells depleted 
for c-di-GMP should also be unable to localize PflI and to express the FlgE 
hook protein similar to ∆tipF or tipF(E211A) mutant cells. To test this 
prediction, we heterologously expressed the potent P. aeruginosa PDE 
PA5295(Duerig, Nicollier, Schwede, & Amiot, 2009) in strains carrying the pflI-
yfp reporter and imaged the resulting cells. PA5295, but not the catalytically 
inactive mutant PA5295-AAL [carrying an analogous mutation to TipF(E211A) 
at position E328], was previously shown to reduce c-di-GMP levels beyond 
detection(Duerig et al., 2009) We found that induction of PA5295 caused the 
dispersion of PflI-YFP from the pole into the envelope and prevented FlgE 
expression, akin to ∆tipF or tipF(E211A) mutant cells (Fig. 5A). Interestingly, 
however, c-di-GMP depletion has a much stronger effect on transcription of 
the flgE gene than the ∆tipF or tipF(E211A) mutation, indicating that c-di-GMP 
modulates another step of flagellum biogenesis independently of TipF (see 
below).  
Next, we explored if c-di-GMP depletion also affects TipF-GFP or TipN-
GFP localization. As shown in Fig. 5B, 5C TipF was completely delocalized 
from the poles upon c-di-GMP-depletion, while TipN localization was only 
weakly affected. Thus, c-di-GMP promotes TipF localization and activity. If so, 
then a mutation in TipF that prevents c-di-GMP binding and activity, such as 
TipF(E211A), should be unable to localize when c-di-GMP is present. Live-cell 
fluorescence imaging confirmed that TipF(E211A)-GFP is delocalized when 
expressed from Pxyl promoter on a plasmid in ∆tipF cells (Fig. 6B). Next, we 
also determined the subcellular localization of the other TipF mutants and 







the stalked pole but not at the newborn pole (Fig. 6B).  Thus, these mutations 
interfere with c-di-GMP binding or structural changes that are induced by c-di-
GMP to prevent TipF and PflI from localizing to the newborn pole and 
inducing flagellar assembly at this site.  
 
Bypassing the requirement of c-di-GMP for TipF signaling  
To illuminate how c-di-GMP activates TipF and induces its polar 
localization, we isolated intragenic suppressor mutations that restore motility 
to tipF(E211A) or tipF(D331A) cells. These suppressor mutations are either 
missense mutations in two proximal residues (F280S or F284L) within the c-
di-GMP-binding (EAL) domain or a duplications of a triplet amino acid (either 
ADA or DTV, residues 121-124 or 128-130, respectively) within the coiled-coil 
motif in front of the EAL-domain (Fig. 1B, 1E). Importantly, the two missense 
mutations were isolated irrespective of the genetic background, i.e. 
tipF(E211A) or tipF(D331A). Since F280S and F284L are not allele-specific 
suppressors, we suspected that they would both also be able to overcome the 
localization defect of D331A and E211A by driving the proteins from 
dispersion into an active and polarized state. C-terminal fusions of GFP to the 
four TipF double mutants (E211A/F280S, E211A/F284L, D331A/F280S and 
D331A/F284L) revealed that these proteins indeed regained the capacity to 
cluster at the pole and to recruit PflI-YFP to polar sites  (Fig. 6C, D).  
Next, we tested if these TipF double mutants were able to resist 
delocalization induced by depletion of c-di-GMP. In the presence of c-di-GMP, 
WT TipF-YFP and the two E211A double mutant derivatives (E211A/F280S 







GMP delocalizes WT TipF-YFP, while polar foci of the E211A/F280S and 
E211A/F284L derivatives persisted (Fig. 5D). In support of the conclusion that 
the E211A/F280S and E211A/F284L mutants are active and localized in the 
absence of the signal induced by c-di-GMP, we found that the E211A/F284L 
mutant protein, like the E211A single mutant, is unable to bind or hydrolyze c-
di-GMP in vitro (Fig. 2A, B), although its secondary structure is conserved 
(Fig. S1).  
To test if these c-di-GMP-bypass mutants confer motility in the absence of 
c-di-GMP, we determined the FlgE steady-state levels (cell-associated and 
the shed hook accumulating in the supernatant) in WT and tipF single and 
double mutant cells by immunoblotting (Fig. 5F).  These experiments showed 
that FlgE levels are reduced in c-di-GMP-depleted cells, even in the presence 
of the E211A/F280S and E211A/F284L TipF versions. This effect seems to be 
mediated by a second, c-di-GMP-dependent event that acts on flgE 
transcription, as indicated by the reduction of β-galactosidase activity from the 
PflgE-lacZ transcriptional reporter to 30±1% (E211A/F280S) and 30±1% 
(E211A/F284L) compared to WT, much below that observed in the ∆tipF 
single mutant (57±1%) (Fig. 5E).  Consistent with the conclusion that at least 
one additional c-di-GMP-dependent event exists that controls the assembly 
and possibly the placement of the flagellum, expression of the hook gene as 
monitored using PflgE-lacZ activity is further reduced to 21% when c-di-GMP is 
depleted in ∆tipF cells. A similar c-di-GMP-dependent effect was seen on 
transcription of the fljL flagellin gene, using the PfljL-lacZ transcriptional 







transcription in ∆tipF cells from near full WT levels (fljL transcription is not 
affected by ∆tipF mutation) to 32±2%. 
We conclude that TipF localization is at least partially uncoupled from c-
di-GMP in two suppressor mutants and that c-di-GMP controls, in addition to 
the TipF branch, at least one more pathway in flagellum assembly.  
 
TipF cell cycle abundance is tightly regulated and dependent on c-di-
GMP 
 Immunoblotting experiments using polyclonal antibodies to TipF raised 
the possibility that the TipF protein is stabilized upon binding to c-di-GMP. The 
abundance of wild type TipF expressed from Pxyl (i.e. using the transcriptional 
and translational regulatory signals of the xylX gene) in ∆tipF cells is 
significantly higher that those of the TipF(E211A) mutant variant under the 
same conditions (Fig. 5F), suggesting that TipF is regulated at the level of 
stability by c-di-GMP. Indeed stability measurements of wild type TipF and 
TipF(E211A) under normal (Fig. 7B, D) or c-di-GMP depleted (Fig. 7A, C) 
conditions (using PA5295 as described above) approximated the half-life of 
WT TipF at a level of more than 2 hours in the presence of c-di-GMP and 
below 20 min in its absence. By contrast, for TipF(E211A) we determined half-
life values of about 10-20 min irrespective of the presence or absence of c-di-
GMP, demonstrating that TipF(E211A) is not significantly destabilized upon c-
di-GMP depletion (Fig. 7A, C). Remarkably, the half-life of E211A/F284L (~40 
min) was higher than that of TipF(E211A) but lower than that of WT TipF. 
Again, the stability of this mutant was largely insensitive to the presence of 







TipF(E211A/F284L) even in the absence of c-di-GMP (see above). Thus, in 
the absence c-di-GMP TipF is unable to bind c-di-GMP and adopt an active 
conformation, it is delocalized from the cell pole and, at the same time is de-
stabilized. These events can be uncoupled from c-di-GMP with a mutation of 
F284L, which not only activates the TipF(E211A) mutant form constitutively, 
but at the same time protects it from proteolysis in vivo. 
 In search for a candidate protease that destabilizes TipF in vivo, we 
found that ClpX, the ATP-dependent chaperone component of the ClpXP 
protease, controls the cell cycle-dependent accumulation of endogenous 
(untagged) TipF expressed from its native chromosomal location. Poisoning 
ClpXP activity by expression of a dominant negative (catalytically inactive) 
ClpX variant (ClpX*)(Osterås, Stotz, Schmid Nuoffer, & Jenal, 1999) from Pxyl, 
results in TipF accumulation. Immunoblotting revealed TipF to be absent from 
G1-phase (swarmer) cells, induced during the G1-S transition (40 min) and 
again destabilized at the time of division (Fig. 7F). Blocking ClpX function 
using the clpX* allele, resulted in TipF accumulation in G1 cells, presumably 
owing to a failure to degrade TipF in the swarmer progeny (Fig. 7E). Together 
with the observation that TipF stability critically depends on the presence of c-
di-GMP, this strongly argued that TipF is rapidly degraded in the swarmer 
progeny as a result of a drop in c-di-GMP levels in this cell type(Christen et 
al., 2010). 
 As a result of the ClpXP-mediated elimination of TipF in G1 swarmer 
cells, TipF accumulation is dictated primarily by the time of its synthesis.  
Since the cell cycle pattern of TipF resembles that of GcrA, a master 







regulated genes at the G1-S transition and is itself induced at this time, we 
hypothesized that GcrA induces the expression of TipF at the G1-S transition. 
In support of this idea, previous mRNA profiling experiments using DNA 
microarrays showed that tipF mRNA levels diminish when GcrA is 
depleted(Holtzendorff et al., 2004). Probing a PtipF-lacZ transcriptional reporter 
in a GcrA-depletion strain (Fig. 7G), we found that tipF promoter activity 
depends on GcrA. Moreover, quantitative chromatin-immunoprecipitation 
(qChIP) analysis using polyclonal antibodies to GcrA showed that GcrA binds 
to the tipF promoter (Fig. 7H). The induction of TipF expression at the 
transcriptional level by GcrA and the concordant surge in c-di-GMP levels at 
the G1-S transition ensure that TipF is active and ready to prime flagellum 
biosynthesis at the newborn pole, while a drop in c-di-GM in the incipient G1 






 With the coordinated induction of TipF and c-di-GMP at the G1!S 
transition, a robust polarized pathway for flagellum biogenesis is launched 
and simultaneously tuned to other c-di-GMP dependent differentiation events, 
including stalk biogenesis and the removal of the replication 
inhibitor/transcriptional activator CtrA. The implementation, the robust 
propagation and then the sudden re-setting of polarity during the cell cycle is 







underlying signals and mechanisms are not well understood, let alone in 
bacterial systems. 
 The c-di-GMP mechanisms unearthed here illustrate how during a 
primitive bacterial cell cycle, flagellar polarity is first signaled and 
implemented, and then ultimately re-set. At least three sequential 
mechanisms are involved and mediated by distinct effectors: TipN, c-di-GMP 
and ClpXP. The first mechanism, active during the late stages of constriction 
at the end of the preceding cell cycle, involves the deposition of the TipN 
landmark signal at the newborn pole to allow the correct interpretation of the 
polarity axis in the progeny. This ensures that the subsequent events, 
triggered by c-di-GMP at the G1!S, are executed at the correct (newborn) 
pole (Fig. 1A).  
 The second mechanism involves a double selection by two parallel 
“AND” gates (the “GcrA-gate” and “c-di-GMP-gate”) that must be met for TipF-
dependent implementation of flagellar polarity to proceed. The GcrA-gate (Fig. 
1A) licenses TipF expression with the induction of the transcriptional regulator 
GcrA that activates transcription of genes encoding polarity (PodJ, controls 
pilus assembly), development (PleC, regulates CtrA), division (MipZ, inhibits 
the FtsZ tubulin) and cell cycle (HU, nucleoid organizing protein) 
determinants, along with tipF. While the accumulation of GcrA seems to be 
coupled to the initiation of chromosome replication via the DnaA replication 
initiator protein(Collier, McAdams, & Shapiro, 2007) and is thus under a cell 
cycle cue, other unknown mechanism may help enforce this gate to promote 
the fluctuation of GcrA. With the synthesis of TipF, the surge of c-di-GMP at 







activation and subsequent recruitment of TipF and its client proteins to the 
newborn (TipN-marked) pole to promote flagellum assembly (the “c-di-GMP-
gate”).  
 The third mechanism is discernable and involves the onset of a 
diminution in TipF levels during cytokinesis, when flagellar biogenesis is 
completed and the flagellum is energized. While it is unclear if the ClpXP 
protease regulates TipF stability as function of the cell cycle as for many of its 
substrates, ClpX activity is required to prevent the ectopic accumulation of 
TipF in the G1 progeny cell. Under conditions that preclude binding of c-di-
GMP by TipF, either by mutation of the c-di-GMP binding site in TipF or by 
depletion of c-di-GMP from cells, polar localization is prevented and TipF is 
quickly turned over. The levels of c-di-GMP are rapidly depleted during 
compartmentalization in the G1 (swarmer) progeny, while they are maintained 
in the S (stalked) progeny.  Therefore, a critical role can be attributed to this c-
di-GMP reduction in the ClpX-dependent removal of TipF in the G1 progeny 
and, thus, in re-setting flagellar polarity for the G1 cell.  
 The diminution of c-di-GMP in compartmentalized G1 cells is governed 
by the PleC histidine kinase/phosphatase that is sequestered to the flagellar 
pole and partitions exclusively with the G1 progeny to de-activate the PleD 
response regulator with its c-di-GMP-synthase (GGDEF) output domain by 
de-phosphorylation(R. Paul et al., 2008).  The resulting trough in c-di-GMP 
should disperse TipF from the pole and induce proteolytic removal, thereby 
terminating flagellar assembly. This event is coordinated with the onset of 
flagellar rotation regulated by the DgrA/B PilZ-domain proteins, paralogous c-







rotation in the in the presence of bound c-di-GMP(Christen et al., 2007). The 
PleC-dependent reduction in c-di-GMP levels in the motile G1 progeny, is 
thought to release the inhibition of flagellar rotation by DgrA/B. PleC not only 
de-phosphorylates the PleD c-di-GMP synthase/response regulator, but also 
the DivK single domain response regulator, a cell fate cell fate determinant 
that promotes the transcriptional activation of G1-phase genes by CtrA 
(perhaps reinforced by other factors)(Biondi et al., 2006) and the 
accumulation of the swarmer cell specific c-di-GMP phosphodiestrase 
PdeA(Abel et al., 2011). Thus, the removal of TipF that clears the flagellar 
polarization pathway coincides with the implementation of the G1 
transcriptional landscape by CtrA and with a reduction of c-di-GMP levels that 
directly promotes motor function in this cell type. By contrast, the 
transcriptional re-programming by GcrA and the resulting induction of TipF at 
the onset of S-phase thus reinstates the c-di-GMP-dependent flagellar polarity 
with the coincident activation of the PleD-kinase DivJ. 
  An imbalance in c-di-GMP abundance in the two progeny cells also 
occurs in the compartmentalized Pseudomonas aeruginosa pre-divisional cell. 
Interestingly, the FimX EAL-GGDEF hybrid protein of P. aeruginosa that 
promotes the assembly of retracting Type IV (polar) pili (Tfp) for twitching 
motility shares biochemical and cytological properties with TipF. FimX is a 
polarized EAL domain protein that can influence the positioning of 
Tfp(Kazmierczak, Lebron, & Murray, 2006; Navarro, De, Bae, Wang, & 
Sondermann, 2009). It also binds c-di-GMP and this causes a (long-range) 
conformational change in the adjacent domain(Qi et al., 2011). How FimX 







coordinated with cell cycle progression is unknown. Our tipF suppressor 
genetics points to a functional relationship between triplet duplications in the 
coiled-coil motif and missense mutations in the EAL domain. Helical wheel 
analysis predicts the alpha-helicity to be maintained by the insertion, while 
causing a shift of the hydrophobic region that could cause structural 
reorganization presumed to underlying the functional modifications of TipF 
and interactions with its flagellar and polarity targets.  
  Within the flagellar polarization cascades TipF bears perhaps the most 
functional resemblance to the FlhF GTPase studied in vibrios, pseudomonads 
and Campylobacter jejuni. FlhF is itself polarized and recruits the MS-ring 
protein FliF to the polar site of flagellation in V. cholera(Correa et al., 2005; 
Kusumoto et al., 2006; Pandza et al., 2000). However, despite the pervasive 
polar flagellation found across most bacterial lineages, the principal target of 
FlhF in polar flagellation and the underlying temporal relationships are 
unknown. By contrast, TipF associates with PflI, TipN and the flagellar switch 
protein FliG. The soluble portion of TipF (encompassing the predicted coiled–
coil and EAL domains) interacts directly with the C-terminal portion of FliG. 
FliG is emerging as an important regulatory hub for diverse modes of motility 
control. EpsE of Bacillus subtilis and YcgR of E. coli/Salmonella enterica are 
thought to arrest flagellar rotation by disengaging or curbing the flagellar 
motor(Blair, Turner, Winkelman, Berg, & Kearns, 2008; Boehm et al., 2010; K. 
Paul, Nieto, Carlquist, Blair, & Harshey, 2010). Moreover, the nucleoid binding 
protein H-NS and the enzyme fumarate reductase (FRD) bind to FliG, 
perhaps to regulate motility in response to metabolic fluctuations or to 







environmental conditions that H-NS responds to(K. Paul, Brunstetter, Titen, & 
Blair, 2011). With the important of role of FliG switch protein in regulating the 
direction of rotation of the flagellum it is perhaps not surprising that the 
aforementioned FliG-binding proteins regulate rotation. However, because of 
its central role early in flagellar erection, assembly regulators that act on FliG 
might also be expected. TipF is the first representative of this class with a 
function(s) that may go beyond regulating FliG. In fact, polar sequestration of 
FliG and FliF is independent of each other but strongly affected by TipF. Our 
evidence that another, TipF-independent, but c-di-GMP dependent flagellar 
assembly step exists (Fig. 5E-F) provides another example of the unexpected 
regulatory complexity in flagellar assembly. As established from seminal work 
in other systems, flagellation is fine-tuned through external signals. As shown 
here, this pathway also ingrates information from pre-existing spatial 
landmarks for polar c-di-GMP-mediated signals that are periodically removed 
and re-established, thus reinforcing small nucleotide polarization pulses that 














Material and Methods 
Strains, plasmis, and media 
The bacterial strains and plasmid used in this study are listed in Table S1. 
Caulobacter crescentus strains were grown in peptone yeast extract (PYE, Ely, 
1991) or in minimal media supplemented with 0.2% glucose or 0.3% D-xylose (M2G 
or M2X, Ely, 1991) at 30°C with constant shaking (150 rpm). When selection was 
required antibiotics in the following concentrations were added: (solid/liquid media in 
µg/ml): gentamycin (5/0.5), kanamycin (20/5), nalidixic acid (20/not used) and 
oxytetracycline (5/2.5). For inducible gene expression the medium was 
supplemented with 1 mM vanillate, 0.3% xylose or 1 mM IPTG. For synchronization 
experiments newborn swarmer cells were isolated by Ludox gradient centrifugation 
(Jenal, 1996) and released into fresh minimal medium. For synchronization with 
inducible constructs, 1 mM vanillate was added to the growth medium 2 h prior 
synchrony.  
E. coli strains were grown in Luria Broth (LB) at 37 °C. When necessary for selection 
the following antibiotic concentrations were used: (solid/liquid media in µg/ml) 




DIC and fluorescence microscopy were performed on a DeltaVision Core (Applied 
Precision, USA)/Olympus IX71 microscope equipped with an UPlanSApo 100x/1.40 
Oil objective (Olympus, Japan) and a coolSNAP HQ-2 (Photometrics, USA) CCD 
camera. Cells were placed on a patch consisting of 1% agarose in water (Sigma, 
USA). Images were processed using ImageJ software (NIH, USA) or Photoshop CS3 
(Adobe, USA) software. Bactria cell and protein localization signals were analyzed 


















Rosetta BL21pLysS E.coli strain was transformed with respective plasmids and used 
for protein overexpression. Cultures with an optical density at 600nm of 0.4 were 
induced with 1mM isopropyl-b-D-thiogalactopyranoside (IPTG) and incubated for 4h 
at RT with constant shaking, cells were collected by centrifugation. The cell pellets 
were resuspended in buffer consisting of 20mM Tris-HCl pH7, 250mM NaCl, 5mM 
imidazole, 10mM MgCl2, 1% glycerol and Complete mini cocktail of protease 
inhibitors, EDTA free at the concentrations specified by the manufacturer (Roche). 
The cells were lysed using French press, and the crude extracts were centrifuged at 
15,000g for 40 min at 40C. The cleared lysates were incubated with preequillibrated 
Profinity IMAC Ni-resin (Bio-Rad) for 1h at 40C and washed subsequently with lysis 
buffer and washing buffer containing 20 mM imidazole. The proteins were eluted 
using 350mM imidazole.  
 
Phosphodiesterase Assay 
TipFWT, TipFE211A and TipFE211A/F284L, were tested for c-di-GMP phosphodiesterase 
activity. As a control YahA, a class A phosphodiesterase from E. coli was used. 
10mM final concentration of each protein was incubated with 100mM c-di-GMP in 
50mM Tris-HCl pH8, 50mM NaCl, 5mM MgCl2, 1mM DTT at RT. Samples were 
taken at time points 0, 1h, 2h and overnight. The reactions were stopped by heating 
at 990C for 5 min, diluted with 5mM NH4HCO3 pH8 buffer, filtered (0.22mm), and 









Circular Dichroism Spectroscopy. 
Circular dichroism (CD) measurements were performed with an AVIV 26A DS 
spectropolarimeter. Spectra were recorded at room temperature from 250 to 190 nm, 
with a resolution of 1.0 nm, response time of 3 s, bandwidth of 1 nm and 3 
accumulations. CD samples were prepared by adjusting the protein concentration to 
30 µM in 50 mM Tris buffer at pH 8. A control spectrum of pure buffer solution was 
subtracted from all samples. 
 
Isothermal titration calorimetry  
The interaction of TipF with cyclic-di-GMP was measured with a VP-ITC isothermal 
titration calorimeter from MicroCal (Northampton, MA). Four different experiments 
were performed with three different protein batches measured under the same 
conditions (50 mM Tris/HCl, 50 mM NaCl, pH 8.0 at 25°C). All integrated titration 
peaks produced sigmoidal enthalpy curves for the interaction between TipF and 
cyclic di-GMP. The average dissociation constant, KD, was 0.4 (+/- 0.2 mM), the 
stoichiometry of binding, n, was 0.35 (+/- 0.1) and the enthalpy of reaction was -2.1 
(+/- 0.3 kcal/mol). Two additional experiment were performed at 35°C, the average 
dissociation constant, KD, was 0.3 (+/- 0.1 mM), the stoichiometry of binding, n, was 
0.3 (+/- 0.02) and the enthalpy of binding, ΔH0, was -4.75 (+/- 0.25) kcal/mol. All 
solutions were degassed and equilibrated at desired temperature before using. The 
delay between the injections was set to 5 min to ensure re-equilibration between 
injections. Data were evaluated using Origin software (OriginLab) provided by 
Microcal (Northampton, MA). TipFE211A and TipFE211A/F284L binding experiments were 









Motility Assays  
The spontaneous, non-allele specific tipF suppressor mutants were obtained by 
plating 2.5µl of an overnight culture of PV1928 (Pxyl-tipF(E211A)); PV2152 (Pxyl-
tipF(D331A)); and PV2151 (Pxyl-tipF(K352A)) to 0.3% PYE swarm agar 
supplemented with Tetracycline (1µg/ml).  The plates were incubated for seven days 
after which spontaneous motile colonies developed. The plasmids were isolated, 
sequenced, and shown to contain the initial primary mutation (E211A, D331A, or 
K352A) and an additional second-site mutation within the tipF coiled-coil or EAL 
domains.  
 
Yeast two-hybrid analysis 
Yeast two hybrid screen was preformed using the system described in. The 
EAL domain of TipF fused to the Gal4-DBD (DNA binding domain) was 
expressed in Saccharomyces cerevisiae PJ69-4A from plasmid pGBD KanR. 
YdeH, an active DGC that produces c-di-GMP, was expressed in the same 
strain from plasmid p426-cm-YdeH or the empty plasmid p426. For screening, 
a C. cresentus library was transformed into the strain containing the bafore 
mentioned plasmids. The library contains C. crescentus genomic DNA 
fragments between 500 to 3000 bp, obtained after partial digest of genomic 
DNA using the enzymes HinPIL, MspI and Taq1, fused to the gal4-AD 
(activator domain) in three reading frames (J. Luciano). Transformants were 
screened on SD medium lacking leucine, tryptophan, uracil and either 
adenine or histidine. Prey-plasmids of positive clones were isolated and 
retransformed in PJ69-4A containing the Gal4-DBD-TipF-EAL or the Gal4-







selective medium to check for the activation of reporter genes. Inserts of 
confirmed interactors were sequenced to ensure in-frame coding sequence 










Abel, S., Chien, P., Wassmann, P., Schirmer, T., Kaever, V., Laub, M. T., 
Baker, T. A., et al. (2011). Regulatory Cohesion of Cell Cycle and Cell 
Differentiation through Interlinked Phosphorylation and Second 
Messenger Networks. Molecular Cell, 43(4), 550–560. 
doi:10.1016/j.molcel.2011.07.018 
Biondi, E. G., Reisinger, S. J., Skerker, J. M., Arif, M., Perchuk, B. S., Ryan, 
K. R., & Laub, M. T. (2006). Regulation of the bacterial cell cycle by an 
integrated genetic circuit. Nature, 444(7121), 899–904. 
doi:10.1038/nature05321 
Blair, K. M., Turner, L., Winkelman, J. T., Berg, H. C., & Kearns, D. B. (2008). 
A molecular clutch disables flagella in the Bacillus subtilis biofilm. 
Science, 320(5883), 1636–8. doi:10.1126/science.1157877 
Boehm, A., Kaiser, M., Li, H., Spangler, C., Kasper, C. A., Ackermann, M., 
Kaever, V., et al. (2010). Second messenger-mediated adjustment of 
bacterial swimming velocity. Cell, 141(1), 107–16. 
doi:10.1016/j.cell.2010.01.018 
Christen, M., Christen, B., Allan, M. G., Folcher, M., Jenö, P., Grzesiek, S., & 
Jenal, U. (2007). DgrA is a member of a new family of cyclic diguanosine 
monophosphate receptors and controls flagellar motor function in 
Caulobacter crescentus. Proceedings of the National Academy of 
Sciences of the United States of America, 104(10), 4112–7. 
doi:10.1073/pnas.0607738104 
Christen, M., Christen, B., Folcher, M., Schauerte, A., & Jenal, U. (2005). 
Identification and characterization of a cyclic di-GMP-specific 
phosphodiesterase and its allosteric control by GTP. The Journal of 
biological chemistry, 280(35), 30829–37. doi:10.1074/jbc.M504429200 
Christen, M., Kulasekara, H. D., Christen, B., Kulasekara, B. R., Hoffman, L. 
R., & Miller, S. I. (2010). Asymmetrical distribution of the second 
messenger c-di-GMP upon bacterial cell division. Science (New York, 
N.Y.), 328(5983), 1295–7. doi:10.1126/science.1188658 
Collier, J., McAdams, H. H., & Shapiro, L. (2007). A DNA methylation ratchet 
governs progression through a bacterial cell cycle. Proceedings of the 
National Academy of Sciences of the United States of America, 104(43), 
17111–6. doi:10.1073/pnas.0708112104 
Correa, N. E., Peng, F., Klose, K. E., Correa, N. E., Peng, F., & Klose, K. E. 
(2005). Roles of the Regulatory Proteins FlhF and FlhG in the Vibrio 
cholerae Flagellar Transcription Hierarchy Roles of the Regulatory 
Proteins FlhF and FlhG in the Vibrio cholerae Flagellar Transcription 
Hierarchy, 187(18). doi:10.1128/JB.187.18.6324 
Duerig, A., Nicollier, M., Schwede, T., & Amiot, N. (2009). Second 
messenger-mediated spatiotemporal control of protein degradation 








Holtzendorff, J., Hung, D., Brende, P., Reisenauer, A., Viollier, P. H., 
McAdams, H. H., & Shapiro, L. (2004). Oscillating global regulators 
control the genetic circuit driving a bacterial cell cycle. Science (New 
York, N.Y.), 304(5673), 983–7. doi:10.1126/science.1095191 
Huitema, E., Pritchard, S., Matteson, D., Radhakrishnan, S. K., & Viollier, P. 
H. (2006). Bacterial birth scar proteins mark future flagellum assembly 
site. Cell, 124(5), 1025–37. doi:10.1016/j.cell.2006.01.019 
Jenal, U., & Shapiro, L. (1996). Cell cycle-controlled proteolysis of a flagellar 
motor protein that is asymmetrically distributed in the Caulobacter 
predivisional cell. The EMBO journal, 15(10), 2393–406. 
Kazmierczak, B. I., Lebron, M. B., & Murray, T. S. (2006). Analysis of FimX, a 
phosphodiesterase that governs twitching motility in Pseudomonas 
aeruginosa. Molecular microbiology, 60(4), 1026–43. doi:10.1111/j.1365-
2958.2006.05156.x 
Kudryashev, M., Cyrklaff, M., Wallich, R., Baumeister, W., & Frischknecht, F. 
(2010). Distinct in situ structures of the Borrelia flagellar motor. Journal of 
Structural Biology, 169(1), 54–61. doi:10.1016/j.jsb.2009.08.008 
Kusumoto, A., Kamisaka, K., Yakushi, T., Terashima, H., Shinohara, A., & 
Homma, M. (2006). Regulation of polar flagellar number by the flhF and 
flhG genes in Vibrio alginolyticus. Journal of biochemistry, 139(1), 113–
21. doi:10.1093/jb/mvj010 
Lam, H., Schofield, W. B., & Jacobs-Wagner, C. (2006). A landmark protein 
essential for establishing and perpetuating the polarity of a bacterial cell. 
Cell, 124(5), 1011–23. doi:10.1016/j.cell.2005.12.040 
Navarro, M. V. A. S., De, N., Bae, N., Wang, Q., & Sondermann, H. (2009). 
Structural analysis of the GGDEF-EAL domain-containing c-di-GMP 
receptor FimX. Structure (London, England  : 1993), 17(8), 1104–16. 
doi:10.1016/j.str.2009.06.010 
Obuchowski, P. (2008). PflI, a protein involved in flagellar positioning in 
Caulobacter crescentus. Journal of bacteriology, 190(5), 1718–29. 
doi:10.1128/JB.01706-07 
Osterås, M., Stotz, a, Schmid Nuoffer, S., & Jenal, U. (1999). Identification 
and transcriptional control of the genes encoding the Caulobacter 
crescentus ClpXP protease. Journal of bacteriology, 181(10), 3039–50. 
Pandza, S., Baetens, M., Park, C. H., Au, T., Keyhan, M., & Matin, a. (2000). 
The G-protein FlhF has a role in polar flagellar placement and general 
stress response induction in Pseudomonas putida. Molecular 
microbiology, 36(2), 414–23. 
Paul, K., Brunstetter, D., Titen, S., & Blair, D. F. (2011). A molecular 
mechanism of direction switching in the flagellar motor of Escherichia 
coli. Proceedings of the National Academy of Sciences of the United 
States of America, 108(41), 17171–6. doi:10.1073/pnas.1110111108 
Paul, K., Nieto, V., Carlquist, W. C., Blair, D. F., & Harshey, R. M. (2010). The 
c-di-GMP binding protein YcgR controls flagellar motor direction and 
speed to affect chemotaxis by a “backstop brake” mechanism. Molecular 
cell, 38(1), 128–39. doi:10.1016/j.molcel.2010.03.001 
Paul, R., Jaeger, T., Abel, S., Wiederkehr, I., Folcher, M., Biondi, E. G., Laub, 
M. T., et al. (2008). Allosteric regulation of histidine kinases by their 








Paul, R., Weiser, S., Amiot, N., & Chan, C. (2004). Cell cycle-dependent 
dynamic localization of a bacterial response regulator with a novel di-
guanylate cyclase output domain. Genes &amp;, 715–727. 
doi:10.1101/gad.289504.The 
Qi, Y., Chuah, M. L. C., Dong, X., Xie, K., Luo, Z., Tang, K., & Liang, Z.-X. 
(2011). Binding of cyclic diguanylate in the non-catalytic EAL domain of 
FimX induces a long-range conformational change. The Journal of 
biological chemistry, 286(4), 2910–7. doi:10.1074/jbc.M110.196220 
Schirmer, T., & Jenal, U. (2009). Structural and mechanistic determinants of 
c-di-GMP signalling. Nature reviews. Microbiology, 7(10), 724–35. 
doi:10.1038/nrmicro2203 
Slaughter, B. D., Smith, S. E., & Li, R. (2009). Symmetry breaking in the life 
cycle of the budding yeast. Cold Spring Harbor perspectives in biology, 
1(3), a003384. doi:10.1101/cshperspect.a003384 
Wolfe, A. J., & Visick, K. L. (2008). Get the message out: cyclic-Di-GMP 
regulates multiple levels of flagellum-based motility. Journal of 
bacteriology, 190(2), 463–75. doi:10.1128/JB.01418-07 
 
Table S1 Strains and Plasmids 
Strains 
Name Genotype / Description Source or Reference 
NA1000 CB15N Laboratory strain derived from CB15 Evinger and Agabian, 
1977 
UJ3638 NA1000 ΔtipF Markerless in frame deletion of tipF Huitema et al., 2006 
UJ3635 NA1000 ΔtipN Markerless in frame deletion of 
tipN 
Huitema et al., 2006 
PV2025 NA1000 ΔtipF Pxyl-tipF This Study 
PV1928 NA1000 ΔtipF  Pxyl-tipFE211A This Study 
PV2152 NA1000 ΔtipF Pxyl-tipFD331A This Study 
PV2151 NA1000 ΔtipF Pxyl-tipFK352A This Study 
ND562 NA1000 ΔtipF Pxyl-tipFE211A/F280S This Study 







ND570 NA1000 ΔtipF Pxyl-tipFD331A/F280S This Study 
ND564 NA1000 ΔtipF Pxyl-tipFD331A/F284L This Study 
ND280 NA1000 ΔtipF Pxyl-tipFF280S This Study 
ND283 NA1000 ΔtipF + Pxyl-tipFF284L This Study 
ND284 NA1000 ΔtipF + Pxyl-tipFADA insert128-130 This Study 
ND282 NA1000 ΔtipF + Pxyl-tipFDTV insert121-124 This Study 
ND562 NA1000 Pvan-tipFE211A/F280S-sEGFP This Study 
ND564 NA1000 Pvan-tipFD331A/F284L-sEGFP This Study 
ND568 NA1000 Pvan-tipFE211A/F284L-sEGFP This Study 
ND570 NA1000 Pvan-tipFD331A/F280S-sEGFP This Study 
ND319 NA1000 ΔpflI Pvan-pflI-GFP This Study 
ND424 NA1000 ΔtipFΔpflI Pvan-pflI-GFP This Study 
ND342 NA1000 ΔtipNΔpflI Pvan-pflI-GFP This Study 
ND480 NA1000 ΔtipNΔtipFΔpflI  Pvan-pflI-GFP This Study 
ND607 NA1000 ΔtipF Pvan-fliM-sEGFP This Study 
ND611 NA1000 fliM::Tn5 Pvan-fliM-sEGFP This Study 







ND573 NA1000 ΔtipNΔpfliI tipF-gfp This Study 
NR1760 NA1000 ΔtipN tipF-gfp This Study 
ND316 NA1000 ΔpflI Pvan-pflIΔ4-28-GFP This Study 
ND317 NA1000 ΔpflI Pvan-pflIΔ28-92-GFP This Study 
ND318 NA1000 ΔpflI Pvan-pflIΔ93-142-GFP This Study 
ND558 NA1000 ΔpflI Pvan-pflIΔ142-194-GFP This Study 
ND588 NA1000::tipN-gfp Pvan-PA5295 This Study 
ND589 NA1000::tipN-gfp Pvan-PA5295AAL This Study 
ND590 NA1000::pflI-venus Pvan-PA5295 This Study 
ND591 NA1000::pflI-venus Pvan-PA5295AAL This Study 
ND578 NA1000::tipF-gfp Pvan-PA5295 This Study 
ND579  NA1000::tipF-gfp Pvan-PA5295AAL This Study 
ND762 NA1000 pflgE-lacZ/290 Pxyl-PA5295AAL This Study 
ND787 NA1000 pflgE-lacZ/290 Pxyl-PA5295 This Study 
ND831 NA1000 ΔtipF pflgE-lacZ/290 Pxyl-PA5295AAL This Study 
ND751 NA1000 ΔtipF pflgE-lacZ/290 Pxyl-PA5295 This Study 









ND837 NA1000 ΔtipFvanA::Pvan-tipF-venus pflgE-
lacZ/290 Pxyl-PA5295 
This Study 
ND843 NA1000 ΔtipF;vanA::Pvan-tipFE211AF280S-venus 
pflgE-lacZ/290 Pxyl-PA5295AAL 
This Study 
ND841 NA1000 ΔtipF;vanA::Pvan-tipFE211AF280S-venus 
pflgE-lacZ/290 Pxyl-PA5295 
This Study 
ND835 NA1000 ΔtipF;vanA::Pvan-tipFE211AF284L-venus 
pflgE-lacZ/290 Pxyl-PA5295AAL 
This Study 
ND833 NA1000 ΔtipF;vanA::Pvan-tipFE211AF284L-venus 
pflgE-lacZ/290 Pxyl-PA5295 
This Study 
ND749 NA1000 pfljL-lacZ/290 Pxyl-PA5295AAL This Study 
ND777 NA1000  pfljL-lacZ/290 Pxyl-PA5295 This Study 
ND796 NA1000 ΔtipF pfljL-lacZ/290 Pxyl-PA5295AAL This Study 
ND811 NA1000 ΔtipF pfljL-lacZ/290 Pxyl-PA5295 This Study 
ND804 NA1000 ΔtipF;vanA::Pvan-tipF-venus pfljL-
lacZ/290 Pxyl-PA5295AAL 
This Study 
ND802 NA1000 ΔtipF;vanA::Pvan-tipF-venus pfljL-
lacZ/290 Pxyl-PA5295 
This Study 
ND808 NA1000 ΔtipF;vanA::Pvan-tipFE211AF284L-venus 
pfljL-lacZ/290 Pxyl-PA5295AAL 
This Study 
ND806 NA1000 ΔtipF;vanA::Pvan-tipFE211AF280S-venus 
pfljL-lacZ/290 Pxyl-PA5295) 
This Study 
ND800 NA1000 ΔtipF;vanA::Pvan-tipFE211AF284L-venus 
pfljL-lacZ/290 Pxyl-PA5295AAL) 
This Study 




UJ6287 NA1000 ΔtipF Pvan- PA5295 Pxyl-tipF This Study 







UJ6289 NA1000 ΔtipF Pvan- PA5295 Pxyl-tipFE211AF284L This Study 
UJ6292 NA1000 ΔtipF Pvan- PA5295AAL Pxyl-tipF This Study 
UJ6293 NA1000 ΔtipF Pvan- PA5295AAL Pxyl-tipFE211A This Study 
UJ6294 NA1000 ΔtipF Pvan- PA5295 AAL Pxyl-
tipFE211AF284L 
This Study 
UJ 1793 NA1000 ΔfliF Markerless in frame deletion of fliF Jenal et al., 1996 
LS 2356 NA1000 ΔfliG Markerless in frame deletion of fliG Jenal 
ND306 NA1000 ΔpflI Markerless in frame deletion of pflI 
 
This Study 
ND359 NA1000 ΔtipFΔpflI Markerless in frame deletion of 
pflI and tipF 
 
This Study 
ND454 NA1000 ΔtipNΔtipFΔpflI Markerless in frame 
deletion of pflI, tipN and tipF 
 
This Study 
UJ413 NA1000 fliM::Tn5 Tn5 insertion in fliM P. Aldridge 




trp1-901 leu2-3,112 ura3-52 his3-200 GAL4 
ΔGAL80 ΔLYS2::GAL1-HIS3 GAL2-ADE2 
met2::GAL7-lacZ 
James et al., 1996 
UJ5649 pJ69-4A 










Disruption of the clpX gene by a Strep/SpecR 
cassette and integration of clpX at the xyl locus in 
NA1000 














Name Description Source 
PCWR208 pLac290 Pxyl-tipF Huitema et al., 2006 
PCWR239 pLac290 Pxyl-tipFE211A Huitema et al., 2006 
PCWR261 pLac290 Pxyl-tipFD331A This Study 
PCWR262 pLac290 Pxyl-tipFK352A This Study 
pND100 pLac290 Pxyl-tipFF280S This Study 
pND101 pLac290 Pxyl-tipFF284L This Study 
pND102 pLac290 Pxyl-tipFADA28-130 This Study 
pND103 pLac290 Pxyl-tipFDTV121-124 This Study 
pND85 pLac290 Pxyl-tipFE211A/F280S This Study 
pND86 pLac290 Pxyl-tipFE211A/F284L This Study 
pND87 pLac290 Pxyl-tipFD331A/F280S This Study 
pND88 pLac290 Pxyl-tipFD331A/F284L This Study 
pND72 PCWR512 Pvan-pflI-CTAP This Study 
pND71 PCWR512 Pvan-tipF-CTAP This Study 
pND75 PCWR512 Pvan-tipFE211AF284L-CTAP This Study 
pND56 pOK12 ΔpflI4-28 This Study 
pND57 pOK12 ΔpflI28-92 This Study 
pND58 pOK12 ΔpflI92-142 This Study 
pND59 pOK12 ΔpflI142-194 This Study 
pND77 pMT384 Pvan-pflI-sEGFP This Study 
pND78 pMT384 Pvan-tipF-sEGFP This Study 
UJ 6444 pET21 plac::His6tipF110-452 This Study 
UJ 6450 pET21 plac::His6tipF110-452 E211A This Study 
UJ 6445 pET21plac::His6tipF110-452 E211A/F284L This Study 
PV1928 pCRW Pxyl-tipFE211A This Study  
PV2152 pCRW Pxyl-tipFD331A This Study  
PV2151 pCRW Pxyl-tipFK352A This Study  
SoA226 pXGFP4 Pxyl-fliF-GFP Soren Abel 
pCRW71 pCRW Pxyl-fliG-GFP Huitema et al., 2006 
UJ 6287 pRV Pvan-PA5295 This Study 







pND95 Pvan-tipFE211A/F280S-sEGFP This Study 
pND96 Pvan-tipFD331A/F284L-sEGFP This Study 
pND97 Pvan-tipFE211A/F284L-sEGFP This Study 










Fig.1. Localization of TipN, TipF and PflI to the flagellated pole (A) 
Dynamic protein localization of TipN, TipF and PflI and its coordination with 
other cell cycle events in C. crescentus. TipN (green) localized at the non-
flagellated pole recruits newly synthesized TipF (red), which in turn recruits 
the PflI flagellar positioning protein (yellow). (B) Domain organization of TipN, 
TipF and PflI. Shown are the predicted transmembrane domains (TM, gray), 
coiled coil domains (CC, black), and the phosphodiesterase domain (EAL, 
red) and the proline-rich domain (PR, yellow). (C) TipF and PflI co-localize. 
The localization of TipF-mCherry and PflI-GFP was analyzed using live-cell 
fluorescence microscopy in wild-type (WT) cells expressing TipF-mCherry in 
place of TipF from the tipF locus and PflI-GFP from the Pvan promoter on the 
medium copy number plasmid, pCWR510.  (D) Alignment of the EAL domains 
from TipF and the c-di-GMP phospphodiesterases CC3396 of C. crescentus, 
VieA of Vibrio cholerae, RocR of Pseudomonas aeruginosa and YkuI of 
Bacillus subtilis. Key residues that are predicted to be required for 
phosphodiesterase activity (empty arrowheads) or required for c-di-GMP 
binding (filled black) are marked. In addition, the residues are indicated that 
bypass the requirement of E211 or D331 for motility (red triangles), the 
defining EAL motif and the K332 reside where Asp is normally present 
(underlined). (E) Motility assay of ΔtipF mutants harboring plasmids encoding 
WT, single or double mutant TipF. (DTV)2 and (ADA)2 denote the triple 
duplications of DTV or ADA residues at positions 121-124 or 128-130, 







plates and incubated for 60 hr at 30ºC. Compact swarms indicate the motility 
defect caused by mutations in the c-di-GMP binding site whereas the 
suppressive mutations yield diffuse and enlarged swarms. 
 
Fig. 2. TipF is enzymatically inactive but binds c-di-GMP. (A) No c-di-GMP 
hydrolytic activity is detected in recombinant (soluble) TipF, but in the control 
PDE YahA. One mM of purified proteins was incubated with c-di-GMP and 
incubated for 5min and then separated on a ResourceQ column to observe 
the cleavage product pGpG (left panel). No pGpG was detected after 1 h of 
incubation with WT or mutant (E211A or E211A/F284L) TipF with c-di-GMP. 
(B) Isothermal titration calorimetry experiments showing that c-di-GMP binds 
to the soluble portion of WT TipF, but not to the mutant derivatives E211A or 
E211A/F284L. The top panels show the raw ITC data curves collected at 
25°C in binding buffer (50 mM Tris/HCl, 50 mM NaCl, pH 8.0). The bottom 
panels show the integrated titration peaks fitted to a one-site binding model 
(solid line). The average dissociation constant (KD) of the EAL domain of TipF 
was estimated at 0.4 (+/- 0.2 µM), the stoichiometry of binding (n) to 0.35 (+/- 
0.1) and the enthalpy of reaction to -2.1 (+/- 0.3 kcal/mol). 
 
Fig. 3. TipF mediates the localization of flagellar proteins FliM, FliG, FliF 
and PflI to the cell pole. (A) The subcellular localization of FliM-GFP from 
the Pvan promoter on a medium copy number plasmid in a fliM mutant 
(fliM::Tn5), in a tipF mutant (ΔtipF; fliM::Tn5) or in a fliG mutant (ΔfliG; 
fliM::Tn5) analyzed by live-cell fluorescence microscopy. (B) Localization of 







absence of TipF (ΔtipF; pflI-yfp) or TipN (ΔtipN; pflI-yfp). (C, D) Localization of 
GFP-fusions to the flagellar proteins FliG (C, FliG-GFP) and FliF (D, FliF-
GFP) expressed from Pxyl at the xylX locus in a ΔtipF mutant. (E) Electron 
cryo-tomography imaging reveals densities corresponding to the intact 
flagellum including the MS-ring and the switch complex in or near the inner 
membrane (IM) of the WT, which are absent in the ΔtipF mutant. The color-
coding of the segmented structures corresponds to the color scheme in (F). 
Flagellar structures are shown in red in the left panel. The white arrow in the 
right panel denotes the chemoreceptor arrays.  (F) Schematic of the flagellum. 
The relative position of the MS-ring (FliF), the switch complex (including FliG 
and FliM), the hook (FlgE) and the filament (flagellins) are indicated, as are 
the envelope layers: inner (cytoplasmic) membrane (IM), peptidoglycan layer 
(PG), outer membrane (OM) and S-layer (SL). 
 
Fig. 4. TipF directly interacts with FliG and forms a complex with TipN 
and PflI. (A) TipF steady-state levels as determined by immunoblotting using 
polyclonal antibodies to antibodies in lysates from wild-type, ΔtipF, ΔtipN and 
flbD::Tn5. (B-E) Tandem Affinity Purification (TAP) pull-down of TAP-tagged 
proteins expressed from Pvan on a medium copy plasmid, followed by 
immunoblotting using polyclonal to TipF, PflI, TipN and CtrA. The cell lysates 
derived from boiled cells shown in the lanes on the left of the panels provide 
negative and positive controls for the specificity for the antisera. CtrA 
immunoblots are shown as a control for loading. (B) TipF-TAP and TipF*-TAP 
(the E211A/F284L mutant is referred to as TipF*) were expressed from the 







is present in PflI-TAP purifications ΔtipN ΔpflI double mutant lysates. M, 
protein marker lane. (D, E) TipN is present in pull-downs of TipF-TAP (D) or 
PfllI-TAP (E) from flbD::Tn5 lysates. (F) The C-terminus of FliG and the 
soluble part of TipF interact directly in a yeast two-hybrid (Y2H) assay. Yeast 
strains that harbor plasmids encoding a C-terminal fragment of FliG(192-340) 
fused to the GAL4 activation domain (AD) and TipF fused to the GAL4 DNA 
binding domain (DBD) or the DBD alone were tested for growth on selective 
media as indicated. The screen was conducted in a yeast strain that 
ectopically expressed the diguanylate cyclase YdeH from E. coli, thereby 
mimicking a c-di-GMP containing environment. Conditions that promote or 
inhibit growth are schematically represented (lower panel). The black 
(branched) arrow denotes promoter activation and thus growth, whereas the 
grey arrow indicates that the promoter does not fire efficiently and cannot 




Fig. 5. Localization of TipF and PflI as well as expression of FlgE is c-di-
GMP dependent 
(A-D) Localization of PflI-YFP (A), TipF-GFP (B), TipN-GFP (C), and YFP 
tagged TipF-suppressor mutants (D) under normal (PA5295-AAL, +cdG) or c-
di-GMP depleted conditions (PA5295-WT, -cdG). PA5295 variants were 
expressed the Pxyl promoter on a medium copy number plasmid in cells 
expressing the GFP fusions proteins from their respective promoters at the 
endogenous locus. In (D) TipF-YFP variants were expressed from Pvan at the 
vanA locus in ΔtipF cells. (E) Effects of c-di-GMP concentration on 







ΔtipF or ΔtipF cells expressing mutant TipF from Pvan at the vanA locus) 
harboring a PflgE-lacZ transcriptional reporter fusion. (F) Effects of c-di-GMP 
depletion on FlgE steady-state levels in supernatants (Sup.) or cell lysates 
(Lys.) by immunoblotting using anti-FlgE antibody (α-FlgE). TipF mutants 
were expressed from the Pxyl promoter on a low copy-number plasmid in ΔtipF 
cells. 
 
Fig. 6. Suppressor mutations render TipF and PflI localization c-di-GMP 
independent. 
(A-D) Localization of PflI-YFP (A, C) or TipF-GFP mutants (B, D) in ΔtipF cells 
harboring plasmids encoding TipF loss of function mutants expressed from 
the Pxyl (A, C) or the Pvan (B, D) promoter a low copy-number plasmid.  
 
Fig. 7. C-di-GMP levels affect TipF protein stability.  
 (A - D) Depletion of c-di-GMP by over-expression of a potent PDE reduces 
TipF steady-state levels. TipF, the c-di-GMP binding mutant E211A or the 
intragenic suppressor mutant E211A/F284L were expressed from Pxyl on a 
low copy-number plasmid in ΔtipF cells grown in M2G containing xylose, 
following a shift to M2G containing vanillate to induce the expression of the 
PDE PA5295 from P. aeruginosa or its active site mutant PA5295-AAL and 
repress Pxyl. Samples were taken every 20 min and protein levels were 
quantified from the immunoblots and plotted as percentages of the highest 
value (A and B). The corresponding immunoblots, probed with an anti-TipF 
polyclonal antiserum, show the levels of the TipF variants during a period of 







allele was expressed from plasmid in M2G containing xylose or repressed by 
growing the cells in M2G. Swarmer cells were isolated and TipF was detected 
using an anti-TipF antibody and ClpXATP*::Flag using M2 antibodies. In the 
presence of WT ClpXP, TipF was not detectable while inactivation of ClpXP 
by the dominant negative allele encoding ClpXATP* led to stabilization of TipF. 
(F) The cell-cycle abundance of TipF resembles that of GcrA. Synchronized 
WT swarmer cells were followed throughout the cell cycle. CtrA, TipF and 
GcrA protein levels were determined by immunoblotting using specific 
polyclonal antisera. (G) GcrA activates tipF transcription. The activity of a 
PtipF-lacZ transcriptional reporter was assayed in WT and in a strain (Pxyl-
gcrA) in which GcrA expression is repressible by glucose in the absence of 
xylose. (H) GcrA binds to the tipF promoter as determined by quantitative 
chromatin-immunoprecipitation (qChIP) experiments using polyclonal 
antibodies to GcrA. The abundance of the tipF and sciP promoters was 
quantified in the immunoprecipitates.  
 
Fig. S1. Secondary structure and activity of WT and mutant. TipF(A) 
Circular dichroism (CD) spectra of WT, E211A and E211A/F284L TipF. All 
spectra show the characteristic behavior associated with secondary 
structures, indicating that the purified proteins are folded. (B and C) FPLC 
chromatograms showing the lack of phosphodiesterase activity of WT, E211A 
and E211A/F284L TipF even after 24h. 
 







of (A) FilF-GFP or (B) FliG-GFP expressed from Pxyl at the xylX locus in WT, 
∆tipF, ∆fliG and ∆fliF background. The relative positioning along the cell axis 
and number of foci were quantified. (C) Electron cryotomography image slices 
revealing the absence of flagellar structure in the ∆tipF mutant, whereas (D) 
flagella structures are clearly visible in WT cell poles. 
 
Fig. S3. PflI localization determinants. Live-cell fluorescence microscopy 
images showing the localization of (A) PflI-GFP expressed from Pvan on a 
medium-copy plasmid in ΔpflI, ΔpflI ΔtipF, and ΔpflI ΔtipF ΔtipN background 
and (B) the localization TipF-GFP expressed from the endogenous promoter 
at the tipF locus in WT, ΔpflI, ΔtipN, and ΔtipN ΔpflI background. (C) 
Localization of PflI-GFP derivatives harboring a deletion in the 
transmembrane domain [PflI(∆4-28)], the coiled-coil region [PflI(∆28-92)] or 
one of two adjacent stretches in the proline-rich region [PflI(∆93-142) or 
PflI(∆142-194)] expressed from Pvan on a plasmid in ∆pflI cells. 
 
Fig. S4. Transcription of tipF and co-immunoprecipitation PflI with TipF-
GFP. (A) PtipF-lacZ activity assayed in WT, ΔtipN, flbD::Tn5 strains. (B) Co-
immunoprecipitation experiment with TipF-GFP expressed from the 
endogenous promoter at the tipF locus. TipF-GFP was precipitated with 
monoclonal anti-GFP antibodies, the precipitates were then probed for the 
presence of PflI by immunoblotting using polyclonal antibodies to PfliI. The 
cell lysate lanes from boiled cells shown on the left of the panels provide 







immunoblots are shown as a control for loading. Input designates the 
solubilized lysates that were used for the immunoprecipitation. 
 
Fig. S5. Effect of TipF suppressor mutations on TipF localization and fljL 
transcription. (A) TipF-YFP variants were expressed from Pvan at the vanA 
locus in ΔtipF cells and PA5295-AAL was expressed from the Pxyl promoter 
on a medium copy number plasmid. (B) Effects of c-di-GMP concentration on 
transcription of the flagellin gene fljL. The promoter of fljL was fused to lacZ 
and b-galactosidase activity was measured in WT, ΔtipF or ΔtipF cells 
expressing mutant TipF from Pvan at the vanA locus under normal (PA5295-
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